The Lyme disease spirochete evades the host immune system by combinatorial variation of VlsE, a surface antigen. Antigenic variation occurs via segmental gene conversion from contiguous silent cassettes into the vlsE locus. Because of the high degree of similarity between switch variants and the size of vlsE, short-read NGS technologies have been unsuitable for sequencing vlsE populations. Here we use PacBio sequencing technology coupled with the first fully-automated software pipeline (VAST) to accurately process NGS data by minimizing error frequency, eliminating heteroduplex errors and accurately aligning switch variants. We extend earlier studies by showing use of almost all of the vlsE SNP repertoire. In different tissues of the same mouse, 99.6% of the variants were unique, suggesting that dissemination of Borrelia burgdorferi is predominantly unidirectional with little tissue-to-tissue hematogenous dissemination. We also observed a similar number of variants in SCID and wild-type mice, a heatmap of location and frequency of amino acid changes on the 3D structure and note differences observed in SCID versus wild type mice that hint at possible amino acid function. Our observed selection against diversification of residues at the dimer interface in wild-type mice strongly suggests that dimerization is required for in vivo functionality of vlsE.
Introduction
Antigenic variation is an effective strategy for pathogenic microbes to circumvent acquired immunity and establish long-term infection in mammalian hosts (Deitsch et al., 2009a; Norris, 2014; McCulloch et al., 2015; Obergfell and Seifert, 2015; Gargantini et al., 2016; Wahlgren et al., 2017) . The term antigenic variation refers to several distinct mechanisms of altering surface antigens and has been identified in pathogenic bacteria, fungi and protozoa. The simplest form of antigenic variation is similar to phase variation, whereby individual copies of a gene are selectively activated through a variety of mechanisms. Distinctively eukaryotic phase variation is found in the malaria parasite Plasmodium falciparum, which uses epigenetic silencing and activation to express only one of its many var genes (Volz et al., 2012) , and Giardia lamblia, where RNAi suppresses transcripts of dormant antigens (Prucca et al., 2011) . In Trypanosoma brucei, vsg genes are subtelomerically encoded and activation of a single gene is maintained through epigenetic allelic exclusion (Glover et al., 2013) . However, telomeric exchange and gene conversion can lead to expression of an alternate VSG at the activated site (Horn, 2014) .
Pathogens also make use of means beyond phase variation to generate epitope diversity, especially those with a small antigen repertoire and those for whom reinfection or persistent infection is advantageous (Deitsch et al., 2009b) . One common strategy is that of partial and segmental gene conversion. Analogous to V(D)J recombination in the production of immunoglobulins, this strategy uses unidirectional transfer of sequence from a repertoire of pseudogenes or partial-length cassettes to generate chimeric antigens, thereby generating combinatorial diversity. It is found as a secondary mechanism for the African trypanosomal vsg genes (Thon et al., 1990) and exemplified by the pilE gene of Neisseria spp. (Hill and Davies, 2009 ) and the vlsE gene in Borrelia burgdorferi (Norris, 2014) , which is the subject of the study reported here. The vlsE gene encodes a lipoprotein that is expressed at high levels on the surface of B. burgdorferi spirochete and is located near the hairpin telomere on the lp28-1 linear plasmid in the B31-type strain (Fig. 1A) . Just upstream and in the opposite orientation are 15 silent cassettes that are homologous with the vlsE variable region. These cassettes differ from the expression locus at many points and contribute an extensive amount of sequence diversity that can generate a plethora of possible variants.
Antigenic variation at vlsE is required by B. burgdorferi for persistent infection of mammals (Bankhead and Chaconas, 2007) , a requirement to maintain the reservoir population among small rodents and deer (Radolf et al., 2012) . Spirochetes lacking vlsE can mount an infection in mice, but are cleared in two weeks by the acquired immune response (Lawrenz et al., 2004; Bankhead and Chaconas, 2007; Rogovskyy and Bankhead, 2013) . B. burgdorferi is transmitted among mammals by Ixodes ticks. During the tick phase, however, VlsE is expressed in less than 1% of spirochetes (Ohnishi et al., 2003) and antigenic switching does not occur (Indest et al., 2001) . Furthermore, VlsE does not act to protect the spirochete at the point of tick inoculation, suggesting its exclusive relevance to late-stage infection in the mammal (Rogovskyy et al., 2015) .
Although the vls system has been studied for some time, the mechanism of recombinational switching has remained elusive. The only required protein factors identified to date are the RuvA and RuvB branch migrase; many other recombination/repair proteins involved in pilE switching, including RecA, are dispensable for switching at vlsE (Liveris et al., 2008; Dresser et al., A. The vls system, located on the B. burgdorferi lp28-1 plasmid, encodes the expression locus (vls1) driven by the vlsE promoter (arrow 5 promoter, green 5 constant region, blue 5 variable region). Upstream, in the opposite orientation lie silent cassettes 2-16 (not all are shown) corresponding to the vlsE variable region. B. C3H/HeN mice were infected with three different B. burgdorferi B31 5A4 clones in triplicate, for a total of nine mice. C. Spirochetes were cultured from biopsies and blood samples from each mouse, spanning 1-5 weeks postinfection. D. The vlsE variable region was PCR-amplified using barcoded primers to identify distinct samples after sequencing. E. Equimolar pooling of the PCR amplicons from each sample. F. SMRTbell adapters were ligated to the ends of PCR products for PacBio sequencing. G. Pacific Biosciences SMRT sequencing uses a priming site in the SMRTbell adapters. H. SMRT sequencing uses strand-displacing polymerases to continue sequencing for an average read length of 14 kb. I. Long sequencing reads include multiple subreads corresponding to both strands of the PCR amplicon.
2009; Lin et al., 2009) . Although RecA is required for segmental gene conversion at the pilE locus in N. gonorrhoeae, it is not likely that ordinary gene conversion or homologous recombination would mediate switching at vlsE, since switch events can be extremely small, and their frequency very high. Therefore, it remains to be shown how such reactions can occur and what drives them.
There are several challenges to studying switching at vlsE. The first is that switching only occurs during animal infection, and the second is that to date there have not been any assays for vlsE switching that are both large-scale and sensitive. RFLP analysis of the vlsE amplicons can provide a qualitative indicator of switching in a sample (Ohnishi et al., 2003) , but it is neither sensitive nor quantitative. Sanger sequencing of the variants is sensitive and quantitative (Zhang et al., 1997; Coutte et al., 2009) but requires cloning a library of variants from a PCR product and sequencing independent clones and is impractical for the analysis of large numbers of variants. Recently, 454 sequencing of a segment of the pilE gene in N. gonorrhoeae has demonstrated that long-read sequencing may overcome these barriers (Rotman et al., 2016) . With vlsE, sequencing assays are further hampered by ambiguity in aligning the sequence with the source cassette sequences. Previous studies have relied on manuallyedited alignments to maximize congruence with the cassette sequences (Coutte et al., 2009 ) and thereby be capable of distinguishing SNPs arising from geneconversion events (templated) and those arising independently (nontemplated).
In this study, we developed the first vlsE switching assay using next-generation sequencing. Since a vlsE amplicon contains many closely related variant sequences, short-read sequencing technologies would be unable to assemble contigs corresponding to each variant. Using Pacific Biosciences' SMRT sequencing, we sequenced full-length variants from amplicon DNA and developed a sequencing mode with low error frequency that is unaffected by heteroduplex DNA from the PCR. We also developed the first fully-automated program to reliably and transparently align NGS-scale vlsE sequences to a reference (starting) variant and the silent cassette sequences, while giving granular information about SNP frequency, origin and location. We applied this highly precise methodology to an experimental time course of B. burgdorferi infection in immunocompetent and immunodeficient mice, capturing in unprecedented resolution the diversification process, showing which residues of the VlsE protein undergo purifying and diversifying selection and revealing new information about B. burgdorferi hematogenous dissemination.
Results and discussion
Method development for analysis of recombinational switching at vlsE using single-stranded sequences generated by PacBio sequencing
To perform next-generation DNA sequencing analysis of recombinational switching at the vlsE locus we designed the experiment shown in Fig. 1B-I . To ensure homogeneity of the vlsE locus as well as the use of fully infectious clones, we started by isolating individual clones from B. burgdorferi clone 5A4 (Purser and Norris, 2000) . Three individual clones with identical vlsE genes were chosen and each was used to infect three mice (Fig. 1B) , in both SCID and wild-type backgrounds. The use of SCID mice allows the analysis of switching at vlsE in the absence of immune selection. At one to five weeks postinfection, we collected tissue samples and cultured spirochetes (Fig. 1C ) from blood (week 1), ear (weeks 2-5), heart (week 5), bladder (week 5) and knee joint (week 5) to examine the temporal development of switch events as well as any possible organ-specific variant tropism. Spirochetes recovered from each culture, as well as several controls (discussed below) were used as templates for PCR amplification (Fig. 1D ) using barcoded primers that distinguished each sample. Amplicons were then pooled and sequenced by PacBio SMRT sequencing (Fig. 1E-I ).
The vlsE amplicon we generated was 776 bp. However, switch variants can differ by as little as a single nucleotide polymorphism, precluding sequence assembly from individual reads. For this reason, PacBio long read sequencing was the only technology available to generate full amplicon reads and eliminate the need for contig assembly. PacBio sequencing has the disadvantage of an error rate of approximately 12% per base in raw sequence data, but this is offset by the circular consensus mode where the same molecule is sequenced multiple times to generate a high-quality consensus (Fig. 1) . To further reduce the error frequency, we opted for filtering the consensus reads for a minimum base call confidence of 0.9 (Supporting Information Fig. S1 ), which excluded some data but nonetheless resulted in a dataset size of 16,230 reads distributed among 154 sample bins (Supporting Information Fig. S2 ). At this cutoff, fewer than one base in 10 vlsE gene sequences contained an error [frequency: (1.2 6 0.2 SEM) 3 10 24 errors per base].
To assess the relative error contribution of PCR amplification and PacBio sequencing errors, we compared the error frequency of the PCR products of both the vlsE amplicon and a kanamycin resistance gene (kan) amplicon with the error frequency of sequenced cloned plasmid inserts (Supporting Information Fig. S3 ). We found that there was no detectable difference in error frequency between the two high-fidelity polymerases we tested (Phusion and Q5 from NEB). However, we did observe that the cloned vlsE and kan genes had a significantly lower error compared to their PCR counterparts. Our best estimate of PCR-generated errors is that 39% of all errors are generated in the PCR, based on the kan error rates. This implies that further improvements to sequencing or filtering methodologies to reduce sequencing errors will yield diminishing returns.
A final concern in processing the output sequencing data was the possibility of generating heteroduplex products in our PCR, which could arise when full-length products of a mixed template anneal. Such heteroduplexes would compromise the reliability of circular consensus sequencing (CCS) reads. We therefore developed a new sequencing mode for PacBio SMRT sequencing that retains the accuracy of CCS but generates a separate consensus sequence for each strand. Post hoc analysis of single-strand consensus (SSC) reads revealed that approximately 60% of amplicons were heteroduplexes (Supporting Information Fig. S4A ) and that heteroduplexes predominated at later time points (Supporting Information Fig. S4B ), where the greater number of variants increases the probability of generating heteroduplexes in the PCR. Even though we used a conservative estimate which aggressively corrected reads for single indels that might be due to sequencing errors, we observed very high frequencies that would indicate that PacBio sequencing should not be used for vlsE variant sequencing without using strand-independent sequencing.
Based upon the major issues noted above as well as other experiment-specific concerns described in the Experimental procedures we developed a pipeline ( Fig. 2 ) specifically to generate single-stranded reads, demultiplex the samples and filter for high-quality reads. The pipeline includes steps to eliminate critical errors that would arise from standard PacBio double strand CCS assemblies and minimizes errors to fewer than one base in every 10 sequenced vlsE genes. Due to the limitations of PacBio's preconsensus barcode identification steps, we found some sequences assigned to barcode pairs not used in the experiment, but this error is limited to 0.59 reads per sample bin, based on the number of reads assigned to 27 unused barcode pairs, sufficiently low for our study. This pipeline has been used to generate the highly accurate reads reported on throughout this work.
Variable Antigen Sequence Tracer (VAST): a command-line tool for custom analysis of full-length vlsE sequences Due to the depth of PacBio sequencing, we set out to design an unbiased and fully automated approach to analyzing NGS-scale full-length vlsE amplicon sequences. We built VAST, a program that can be run from a Linux command line, which contains three functions in one solution: a database manager for storing large numbers of sample-tagged full-length vlsE sequences; a purpose-built mapping engine to align the reads with the reference vlsE and the silent vls cassettes; and a large variety of analyses that can be output on specified groupings and subsets of the data.
One of the reasons we built VAST was that we were confronted with several problems surrounding how to best attribute sequence changes to the known starting vlsE sequence and silent cassettes, given the fact that any variant might have any combination of multiple switch events, nontemplated mutations and errors. One approach, exemplified in a previous study (Coutte et al., 2009) , involved producing a manually edited multiple sequence alignment (MSA) separately for each variant, to align the codons of the variant with those of the cassettes and reference. However, the fact that manual alignment is unsystematic and the individual MSAs for each read cannot be compared with each other means that this method is not amenable to automated analyses of large datasets at nucleotide resolution. We therefore designed a novel reference-based mapping system, 1. Using Pacific Biosciences SMRT Analysis software, raw reads are split into subreads, and subreads are mapped to the parental vlsE sequence. Barcodes are also identified at this step. 2. Reads with ambiguous barcode assignments are filtered out using pbbarcode, a program included with SMRT Analysis. 3. Using pbssc, a program we developed, single-strand consensus reads are generated from subreads if they pass multiple quality-control filters and are generated separately for each strand. See Experimental procedures for details. using all possible equivalent mappings of the reads and cassettes as mapped to the same reference (see Experimental procedures, Supporting Information Fig. S5 ). We then filter for those mappings that minimize divergence from an optimal set of cassette mappings, which leads to mappings that are unbiased yet consistent across the dataset. Manual inspection of these mappings confirmed that even the most ambiguous variable regions in the variants aligned consistently with the putative source cassettes.
Recombinational switching at vlsE over time during mouse infection
We first examined how switching progressed over the time course of mouse infection in both SCID and WT mice (Fig. 3) . When examining the frequency of all changed bases (the total number of bases inserted, deleted and substituted) at each position in the amplicon, we found that 99.6% were localized within the variable region (360-931 bp inclusive). In contrast, the frequency of changed bases outside the VR was both low and constant throughout the time course (Fig. 3A) , likely resulting from errors in PCR amplification and sequencing. These results demonstrate that the sequence changes observed using our next-generation sequencing approach display the properties expected for switching at vlsE based upon previous analyses with smaller sample sizes (Zhang et al., 1997; Zhang and Norris, 1998a,b; Coutte et al., 2009 ) and verified our NGS approach for data collection and analysis.
Base change frequencies increased dramatically over time to a 376-fold increase for wild-type mice compared to the culture control at week 5, while they accumulated at a lower rate in SCID mice up to a 139-fold increase relative to the culture control (Fig. 3B ) as previously reported (Zhang and Norris, 1998b; Coutte et al., 2009) . Lower frequencies in SCID mice can be explained by the sustained presence of parental vlsE sequences (as well as other early variants) that are not cleared by the acquired immune system in immunodeficient mice (Fig. 3C) . Accordingly, the number of distinct full-length variants generated in SCID mice was not significantly less than in WT mice (Fig. 3D ). These data confirm that it is the selective pressure of the acquired immune response that accounts for differences between SCID (A) Base change frequencies were quantified per sample and time point from all mice in the experiment. Base changes are defined as the number of inserted, deleted and substituted bases (per base, 6 SEM) and were quantified independently for the variable region and the two constant regions in the amplicon. (B) Base change frequencies were calculated per read over the time course of the experiment, independently for reads from SCID and WT mice, as well as from a passaged culture from the 5-week endpoint. The frequency (average of mice, 6 SEM) of (C) parental reads and (D) distinct variants as a fraction of the reads in each time point for SCID and WT mice is shown.
and WT SNP accumulation. The equivalence in the number of variants in SCID and WT mice also confirms that vlsE switching efficiency is not affected by the presence of the acquired immune response in agreement with previous reports (Zhang and Norris, 1998b) . By week 5 in both SCID and WT, most variants were represented by only one read, a fact that provides some assurance that there is no detectable amplification bias in the PCR or the sequencing. We observe a background where the number of distinct variants is 10% of the sample size, but this is to be expected given randomly distributed errors at the measured error rate of 1.2 3 10 24 changed bases per base. The number of distinct variants identified in each sample also helps to estimate a lower bound in the total number of spirochetes isolated in the experiment. In the 137 mouse isolates, there were a total of 12,700 reads with total of 7,303 distinct variants (calculated as the sum of the distinct variants in each sample). Although it is impossible to know precisely how many spirochetes were isolated from each sample, this shows that most of the reads represent unique variants, a number that is limited by degree of switching, the depth of sequencing and the number of spirochetes isolated. Therefore, this number represents a lower bound of the total number of spirochetes isolated. Consistent with previous vlsE sequencing studies (Zhang and Norris, 1998b; Coutte et al., 2009 ), we did not observe switching in our 5-week culture sample, by all methods of analysis. Cultured spirochetes did not have elevated base change frequencies relative to zero-time controls either in the variable region or in the full-length amplicon, whether counting only templated changes or counting all base changes. Although we cannot rule out the possibility of low-level antigenic variation in culture, we did not discover templated switch events after 5 weeks of culture propagation above our detection limit (background 1 SEM) of one templated base change in 50 reads (2.71 3 10 25 templated base changes per base).
We estimate that the total number of nucleotide variants achievable by the vls system exceeds 10 40 , estimated from the number of combinations of templated insertions and substitutions alone (these are potentially independent of each other, while deletions are mutually exclusive with other changes). The estimated lower limit total (T ) was calculated as T 5 Q
x 5N
x 51 11s x ð Þ 11i x ð Þ, where x is the nucleotide position in the amplicon, N is the length of the amplicon, s x is the number of different templated substitutions at x and i x is the number of different templated insertions immediately prior to x. Consistently, we find that the diversification mechanism has many possible paths from the same starting sequence. This is shown in wild-type mice, for example, where 98.5% of the 2,863 variants generated are not found in more than one mouse ( Fig. 4A and B) . Reads that are shared appear to be predominantly simple, single-switch variants, which are more likely to be generated independently, as well as an extremely small minority that may appear to arise independently due to demultiplexing error or other effects. The data described above also provide information on the dynamics of the dissemination process. It has been well established that B. burgdorferi disseminates throughout the vertebrate host via haematogenous dissemination from the site of the tick bite (Wormser, 2006) . Whether or not this is a unidirectional process, or whether spirochetes subsequently re-enter the vasculature and move to secondary sites has not been quantitatively investigated. To answer this question, we assessed whether any variants were shared between different tissues of the same mouse. If spirochete traffic back into the bloodstream and into other tissues was high enough, we would have observed a significant fraction of variants shared in week 5 tissue samples. Our data showed that 99.6% of variants were uniquely found in each tissue in any given mouse (Fig. 4C ). This number may be inflated, because the number of distinct variants saturates the reads at week 5, but since the reads are not saturated at week 4, it is not likely that the number of actual variants far A. A Venn diagram showing the overlap of variants generated in the three replicate mice infected with B. burgdorferi B31 clone 3, representative of replicate mice in the total sample. B. The proportion of variants for each of the 9 wild-type mice that were unique to that mouse. C. For the four tissues at week 5, and averaged over the nine wild-type mice, the proportion of variants that were unique to that tissue.
Antigenic variation in B. burgdorferi 109 exceeds the read count. Therefore, there is some confidence in concluding that spirochetes travelling between tissues are very uncommon and at most contribute very little to the diversity present in any tissue sample that we sequenced.
Location, frequency and selection of templated SNPs
We asked whether vlsE switching was stochastic or inherently biased to certain positions in the vlsE gene by examining the relationship between the base position and frequency of switched bases in vlsE versus in the silent cassettes (Fig. 5) . While there is large variation in the frequency of switching over the length of the amplicon, these differences largely reflect the inherent sequence diversity that is possible given the cassette sequences. Furthermore, there is no obvious bias towards switching at the 5 0 or 3 0 end of the gene compared to a random switching model. This contrasts the segmental gene conversion at pilE in N. gonorrhoeae, which is biased towards the 3 0 end (Davies et al., 2014) and appears to indicate that pilE antigenic variation is structurally or mechanistically directional while vlsE is not.
To develop a general picture of the effects of recombinational switching at vlsE upon the VlsE protein, we determined where amino acid changes were occurring in the structure of VlsE and at what frequency. We used a colormap to represent the frequency of modification at each residue and overlaid it on the solvent-accessible surface of the protein (Fig. 6) . Amino acids on the surface distal from the N-terminal lipidation site underwent significant sequence change of up to 74% amino acid changes per residue, while surfaces nearer to the lipid anchor displayed no change at all. This is consistent with both the theoretical models (Eicken et al., 2002) and previous empirical data on vlsE sequence variation (Coutte et al., 2009) , but this is the first time a highresolution structure has been matched with highresolution switching frequency data.
We also investigated the differences in switching outcomes between WT and SCID mice to capture the effect that the acquired immune response has on vlsE variation. Figure 7A compares the frequency of nucleotide variation over the length of the amplicon between WT and SCID mice. We found that 81.2% of all SNPs in our SCID experiment and 84.9% of all SNPs in our WT experiment were located within the six variable regions (see shaded boxes at bottom of Fig. 7A ) previously defined by sequence similarity (Zhang et al., 1997) . SCID samples exhibited a total SNP frequency 2.6 times lower than WT samples, but this is explained by The frequency of templated nucleotide changes from all samples in SCID mice is shown in green, for each position in the vlsE amplicon. In the bottom half, the frequency of nucleotide changes is shown based on the silent cassette sequences in red. The asterisk shows an outlier that results from the complete absence of a large 96 bp deletion from cassette 7 in the SCID variants. This deletion was likely depleted from our samples from the sizeselective gel purification step, rather than from fitness defects in recombination or antigenic variability. Error-corrected, translated reads were mapped onto the VlsE structure (PDB: 1L8W) and colored by frequency of mutation at each position. Frequencies were mapped onto both protomers in the presumed dimer structure, and the second protomer was rendered partially transparent to indicate where symmetric data is shown. See Supporting Information Video S1 for a 3608 rotation of the structural heat map. the sustained presence of the parental clone and early variants that are not cleared (see Fig. 3C ). Remarkably, aside from the difference in total frequency, the positional pattern was very similar, with only minor differences. In WT mice relative to SCID mice, variable regions 1 and 5 may have slightly higher SNP frequencies, while some specific nucleotides appear to have reduced SNP frequencies.
The significance of these differences was evident when we considered observed frequencies of variation from translated reads. Examining the location of the 15 amino acids most subject to positive and negative selection in WT versus SCID mice hinted at their function (Fig. 7B , details in Supporting Information Table S1 ). Residues that underwent the most changes in WT mice when compared to SCID mice (green) were predominantly located in the surface loop regions that are expected to be the most accessible to antibody molecules. However, residues where changes were suppressed in WT mice (red) appeared in several significant regions. The first was the hydrophobic F269, which is surrounded on both sides by hydrophilic and loop sequences and likely functions to tether the loops to buried hydrophobic a-helices. Another set composed of residues 223-226 and 311-313 were found to reside at the dimer interface, where disruption may destabilize the protein structure or affect dimerization, thereby exposing invariant regions resulting in subsequent immune clearance. Although a dimer structure was reported by X-ray crystallography, the protein appears to be monomeric in solution (Eicken et al., 2002) . Moreover, there has been no evidence until now suggesting that dimerization is required for functionality. Our observed selection against diversification of residues at the dimer interface in wildtype mice strongly suggests that dimerization is required for in vivo functionality of vlsE. The remainder of residues undergoing purifying selection appeared in the core a-helices or was surface exposed in the lower half of the protein. Therefore, these residues may be important for the structural stability of the protein or participate in other unknown functions of VlsE, such as binding to other proteins or macromolecules.
In this work, we demonstrate that a new pipeline allows for the use of PacBio technology to sequence A. Frequency of base changes at each nucleotide position, comparing SCID and WT mice. The frequency of templated nucleotide changes over the length of the vlsE amplicon, in the WT (green) and SCID (red). It is possible to have a frequency higher than one, due to the effect of insertions being mapped to the following nucleotide, and insertions being weighted by their length. Canonical variable regions 1-6 (Zhang et al., 1997) are shown on the x-axis in gray. B. Amino acid residues undergoing diversifying and purifying selection mapped to the 3D structure of VlsE. Green residues are the 15 with the greatest f WT /f SCID ratio, indicative of residues with relatively elevated variation in wild-type mice. Red residues are the 15 with the greatest f SCID /f WT ratio, indicative of residues with relatively diminished variation in wild-type mice. Residues discussed in the text are labelled. See Supporting Information Table S1 for the list of these residues and contributing protein mutations and Supporting Information Video S2 for a 3608 rotation of this image.
full-length variants of vlsE in a manner that could also be applied to similar systems including the pilE gene of N. gonorrhoeae. VAST is a powerful tool to trace the origins of chimeric variants to the source sequences, identify nontemplated mutations and compare the localization and frequency of these changes between many samples of a multiplexed experiment. We apply these tools to examine the effects of immune selection on the variants generated by the vls antigenic variation system and provide the first high-resolution view of switching activity in mice with and without an acquired immune response. This article has focused on switching at vlsE at the level of SNPs. Ongoing development of the VAST platform is currently underway to allow more in-depth analysis of the segmental gene conversion events and their relationship between the silent cassettes and variants at the vlsE locus.
Experimental procedures

Ethics statement
All animal experimentation was carried out in accordance with the principles outlined in the most recent policies and Guide to the Care and Use of Experimental Animals by the Canadian Council on Animal Care. The animal protocol (AC12-0070) was approved by The Animal Care Committee of the University of Calgary.
Mouse infections and isolating B. burgdorferi genomic DNA
Mice were purchased from Charles River Laboratories. In our previous studies on vlsE (Bankhead and Chaconas, 2007; Liveris et al., 2008; Dresser et al., 2009; Lin et al., 2009) , we used paired C3H/HeN and C3H/HeN SCID mice. However, in the midst of this study, after infections were completed on the C3H/HeN wild-type mice, we learned that C3H/HeN SCID mice were no longer commercially available. We therefore used CB17 SCID mice. The CB17 SCID mice have been previously shown by the Norris lab to give comparable results in vlsE switching to C3H/HeN SCID mice (Coutte et al., 2009) . The difference in mouse strains in this study (wild-type C3H/HeN versus CB17 SCID) although not ideal was not expected to contribute any detectable deviations to our results and conclusions.
Three individual clones of B. burgdorferi B31 (GCB2958, GCB2959 and GCB2960) were isolated by dilution plating to recover homogeneous clones and to ensure that there were no low-frequency variants contaminating the starting clones. Sanger sequencing revealed that all three strains had identical vlsE sequences. We used multiplex PCR to assay plasmid content (Bunikis et al., 2011) and found that all three strains had the full plasmid content required for infectivity and antigenic switching at vlsE, lacking only lp5.
Each clone was used to infect 3 C3H/HeN mice and 3 C.B-17 SCID mice (Charles River), for a total of 18 mice.
Mice were infected by subcutaneous needle inoculation into the back at 33-39 days of age with 10 4 spirochetes in the exponential growth phase. After 1 week, 50 ml of blood was obtained from the tail vein and ear punch samples were taken at 2, 3 and 4 weeks postinfection. At 5 weeks postinfection, the mice were euthanized and the bladder, ear, heart and knee joint were harvested. Each of these samples was cultured in BSK-II culture medium supplemented with 6% Rabbit Serum and antibiotics (0.02 mg ml 21 phosphomycin, 0.05 mg ml 21 rifampicin and 2.5 lg ml 21 amphotericin B) to which Borrelia spirochetes are naturally resistant. Genomic DNA was extracted from 5 ml cultures by phenyl-chloroform extraction and purified by isopropanol precipitation.
PCR amplification and sequencing
PCR primers were designed for optimal amplification of the vlsE variable region and amplify the 302-1,078 bp region of the updated B31 gene sequence which includes the telomere sequences (Tourand et al., 2009) , flanked by two of the 16 bp barcode sequences (Supporting Information Table S2 ). The barcodes we used were designed by Pacific Biosciences (Harting, 2014) , and we selected barcodes such that they have an edit distance of at least 6 bp between all possible pairs. Therefore, even with two sequence errors, the correct barcode can still be unambiguously identified. We used a paired barcode scheme, where the combination of the forward and the reverse primer uniquely identified each sample. Samples from wild-type mice and most of the controls were sequenced together (Supporting Information Table S3 ), as were samples from SCID mice (Supporting Information Table S4 ). All vlsE amplicons were amplified by PCR with Phusion HF polymerase (NEB) from 400 ng of genomic DNA with a 958C initial denaturation for 30 s followed by 30 cycles of 958C denaturation for 30 s, 608C annealing for 1 min and 688C extension for 1 min. PCR was ended after a final extension of 5 min at 688C. PCR products were quantified by agarose gel densitometry with standard curves, mixed together, purified and concentrated with a PCR purification kit, run on a gel in small batches and gel-purified without staining. The final mixture was quantified by gel densitometry. Amplicon mixtures were sequenced using a Pacific Biosciences RSII instrument and P6C4 chemistry by the McGill University and G enome Qu ebec Innovation Centre (Montreal, QC) separately for the wild-type and SCID groups, using two SMRT cells per group.
Processing and filtering single-stranded reads
To process the reads in a way that generated consistently accurate, single-stranded consensus reads, we used a new three-step pipeline (Fig. 2) , which was executed separately for each sequencing run and reference sequence. In step 1, subreads were mapped to the reference (such as the initial vlsE amplicon sequence) sequence using Pacific Biosciences' SMRT Analysis 2.3.0 software and the RS_ Resequencing_Barcode.1 protocol, with default filtering parameters and a minimum barcode score of 22. A barcode FASTA file was supplied with all the pairwise combinations of forward barcodes 1-10 and reverse barcodes 11-19, so that barcodes could be identified for downstream demultiplexing. In step 2, a utility included with SMRT Analysis called pbbarcode.py was used to modify the aligned_reads.cmp.h5 file that was output in step 1 to exclude reads with poor barcode assignments. We tested a range of values for the minScoreRatio parameter, which is the ratio of confidence for the top barcode call to the next best barcode call, and chose a value of 1.1, which decreased the estimated demultiplexing error rate from 22.5 to 1.2% while excluding 64% of the subreads in the wild-type dataset (Supporting Information Fig. S6 ). Demultiplexing error was computed as d5
where l 0 is the mean of the subread counts found in empty bins (barcode pairs for which there was no sample) and l 1 is that of the bins containing samples. In step 3, we developed a tool called pbssc (PacBio Single Stranded Consensus, available on GitHub at https://github.com/verheytb/pbssc) which uses the Quiver algorithm from Pacific Biosciences' GenomicConsensus and pbcore packages (included in SMRT Analysis 2.3.0). pbssc begins with aligned subreads from step 1, separates the subreads for each strand of each molecule, uses Quiver to call the consensus and outputs the demultiplexed sequence. Sequence output can be in FASTA or FASTQ formats and can be clipped a fixed distance from the end, or trimmed to specific sequences. Furthermore, sequence output can be filtered by average base call confidence, minimum base call confidence and the coverage (the sum of full-length and partial subreads) of the singlestranded consensus read. Pbssc parameters were optimized using pbssc-optimizer.py, which is included in the pbssc package. Pbssc-optimizer tests an extensive range of the filtering parameters, measuring the resulting dataset size as well as the corresponding error rate (as the number of inserted, deleted and substituted bases per SSC read) observed in the week 0 PCR controls for that dataset. We examined this trade-off in the B31 wild-type dataset (Supporting Information Fig. S1 ) and chose to use a minimum base call confidence of 0.9 to filter all datasets. We trimmed to the vlsE target sites contained in the primers (excluding the barcode, but including part of the target sequence), so that sequence trimming would not be affected by sequence differences in vlsE due to antigenic variation. Pbssc trims sequences prior to filtering, so low quality consensus base calls near the ends of the read do not lead to unnecessary data loss.
Measuring heteroduplex frequencies in PCR amplicons
Heteroduplex frequencies were measured from the reads output from pbssc.py, using a Python script included with the pbssc package called ssc-hdfinder.py. This script identifies all sequencing ZMWs where SSC reads are available for both strands after filtering and compares the sequence of each strand. Since sequencing errors would be a large source of heteroduplexes, we decided to use a more conservative method, using the 'window' parameter. This mode includes as homoduplexes those pairs of SSC reads where the strands differ only by single, sparse indels. Sparseness is implemented as a minimum separation between these indels, which we set at 20 bp for this study.
Aligning cassette and variant sequences
All cassette and variant mapping was done using VAST (latest version and documentation available at https:// github.com/verheytb/vast). We imported the 15 unexpressed cassette sequences from the B. burgdorferi B31 genome sequence (Fraser et al., 1997) and then aligned them independently using the pairwise2 aligner from Biopython (Cock et al., 2009) (Supporting Information Fig. S5B ). Alignments were scored with 11 for matches, 21 for mismatches, 22 for gap open and 21 for gap extension and converted into reference-based mappings. All equivalent lowest-scoring mappings were maintained.
We used simulated annealing (SA) to estimate the best multiple alignment of the cassettes given the equivalent low-scoring mappings from the alignment step (Supporting Information Fig. S5D ) (Kirkpatrick et al., 1983) . Our implementation begins with a randomly-selected mapping of each cassette as the starting multiple alignment (Supporting Information Fig. S5C ). We defined the 'energy' of the multiple alignment as the sum of all pairwise distances between the cassette mappings in the alignment. The distance between any two mappings was computed as the symmetric difference of the mappings (i.e., the number of inserted, deleted and substituted nucleotides unique to either of the reads). Each iteration involved trading the mapping of one cassette with another randomly selected mapping for the same cassette. If the energy decreased, the transition was accepted; if the energy increased, the transition was accepted with a probability proportional to the 'temperature' according to the Metropolis acceptance criterion (Metropolis et al., 1953) . The temperature decreases exponentially over the course of 10,000 cycles to increasingly restrict the number of energetically unfavorable trades, which reduces search from the global search space to a local minimum. This algorithm specifically uses the concept of decreasing temperature to find the globally optimal solution, much like how slightly different DNA strands can be annealed with like strands using slow gradient descent or how slowly cooled materials form more regular crystal structures. In the case of multiple alignments, this method eliminated the local inconsistencies that we encountered with other multiple sequence alignment methods and was confirmed by visual inspection of the solutions. Starting from different randomly selected cassette mappings, the SA process was repeated 10,000 times to ensure that optimal sets were discovered. Most of the solutions had the same minimal energy, so one of them was arbitrarily chosen to be the basis mappings for the cassettes (Supporting Information Fig. S5E and F) .
Then, we used the same pairwise aligner and scoring system to map the variant sequences to the reference, also preserving all equally optimal mappings (Supporting Information Fig. S5G ). Mappings were then filtered based on the sum of distances between the mapping and the basis cassette alignments (Supporting Information Fig. S5H and I). Using this method, if there is an ambiguous mapping of Antigenic variation in B. burgdorferi 113 any part of a sequence in the silent cassettes, it is assured that the sequence data will be mapped the same way as in the cassettes. Since some reads will therefore have multiple mappings (in which case the ambiguity is a result of nontemplated mutations or sequencing errors), appropriate weightings are always applied. This convention was established to prevent true trends in the data from being obscured by artifacts due to dubious alignments. Manually inspecting the alignments of the variants and the cassettes to the reference confirmed that this method does lead to very consistent alignments of the reads to the reference, to the cassettes and to other variants, even though this result would not be achievable using conventional MSA methods.
Inferring protein variants from full-length nucleotide sequences
Full-length nucleotide sequences of each variant were first error-corrected by VAST's built-in frameshift correction. This correction step works by scanning along the length of each variant sequence and retaining only those frameshifting mutations that return to frame within a window of 20 bp. Error-corrected sequences are then translated to protein sequences and aligned against the reference protein sequence. Protein alignments were done using a substitution matrix of ones, since VlsE variation is such that similar amino acids are not likely to be preferred. As with nucleotide sequences, protein alignments were scored 11 for matches, 21 for mismatches, 22 for gap open and 21 for gap extension and converted into reference-based mappings. Multiple equivalent protein mappings were retained for each sequence variant, and all protein analyses account for the weighting of each alignment.
3D protein structure visualization and frequency maps
Frequency data were applied to the structure first by using the 'aa_positions' report from VAST to output a text file with a residue number and a corresponding frequency on each line. This file was then used with the data2bfactor.py script in PyMol (Schr€ odinger, 2015) to import per-residue data through PyMol's ability to display colour-encoded crystallographic B-factors.
